Background: Aneurysmal subarachnoid hemorrhage (aSAH) has high rates of disability and mortality, and aneurysm rebleeding is associated with poor functional outcomes. Thrombelastography with platelet mapping (TEG-PM) measures platelet function; however, it has not yet been researched in aSAH. We aimed to use TEG-PM to detect changes in platelet function in patients with aSAH and the difference in patients with and without rebleeding. Methods: We retrospectively included patients with aSAH who underwent a TEG-PM test on admission. Rebleeding was diagnosed according to clinical and imaging data. TEG-PM data of patients with unruptured intracranial aneurysms (UIA) were also obtained as controls. Univariate and multivariate logistic regression models were performed to investigate the relationship between the platelet function and rebleeding. Results: A total of 245 aSAH patients and 32 UIA patients were included in our study. Compared with controls, patients with aSAH demonstrated higher arachidonic acid (AA) and adenosine diphosphate (ADP) inhibition of platelet function (P<0.05). Among them, 27 patients with Hunt-Hess grade IV or V were classified as the severe SAH group. There was a significant correlation between the severe SAH group and the degree of pathway inhibition (P<0.05). Furthermore, AA (Spearman's r=0.264, P<0.001) and ADP (Spearman's r=0.183, P=0.004) inhibition were elevated in Hunt-Hess grade-dependent manners. The AA (Spearman's r=0.169, P=0.008) and ADP (Spearman's r=0.233, P<0.001) inhibition were also significantly correlated with Fisher grade. Thirty-five patients (14.3%) suffered rebleeding. Rebleeding was significantly correlated with systolic blood pressure (P=0.011), diastolic blood pressure (P=0.008), Hunt-Hess grade (P=0.034), Fisher grade (P=0.015), AA inhibition (P<0.001), and ADP inhibition (P<0.001). Multivariate logistic regression analysis model revealed that both AA (P=0.037) and ADP inhibition (P=0.008) were independent determinants for rebleeding. Conclusion: TEG-PM may assess platelet dysfunction in patients with aSAH, and the diminished platelet response to ADP and AA may be associated with rebleeding. These findings deserve further investigation.
Introduction
Aneurysmal subarachnoid hemorrhage (aSAH) comprises about 5% of all strokes, with high morbidity and mortality. 1 If a patient survives the initial aSAH, the major early complication is aneurysmal rebleeding with an incidence of 8% to 23% during the first 72 hrs. 2 Urgent aneurysm occlusion after initial SAH is essential to prevent rebleeding, with a reported mortality rate of up to 50%. 3 Dissolution of the thrombosis at the original bleeding site is thought to be the major cause of rebleeding. Antifibrinolytic drugs, such as epsilon amino caproic acid, reduce the rate of rebleeding, but this effect is offset by increasing the rate of cerebral ischemia, with no improvement in functional outcome. 4 Unlike many previous studies focusing on changes in coagulation and fibrinolysis, platelet function after aSAH has not been paid enough attention. 5 Thromboelastography (TEG), a measure of the dynamics of clot formation and dissolution, provides comprehensive real-time analysis of the status of coagulation and fibrinolysis. 6 In addition to the standard TEG parameters, platelet function is an available result of the TEG combined with platelet mapping (TEG-PM). TEG-PM has been available since 1948; however, it has not been reported in detecting platelet function in patients with aSAH. 7, 8 The purpose of the present study was to detect any difference in clotting characteristics and platelet function in patients with aSAH compared with unruptured intracranial aneurysm (UIA), and whether TEG-PM differed in patients with and without rebleeding. We hypothesized that abnormal TEG-PM might correlate with rebleeding. Thus, TEG-PM could be used as a predictor of rebleeding and provide possible direction concerning appropriate therapeutic interventions to prevent rebleeding.
Methods

Patient Population
Patients aged more than 18 years with aSAH or UIA admitted to our hospital and underwent TEG-PM between May 2016 and May 2019 were identified retrospectively. Inclusion criteria of aSAH patients include: patients with spontaneous SAH, which was identified by computerized tomography (CT) or xanthochromia of cerebrospinal fluid; aneurysmal cause of SAH; blood drawn for TEG-PM analysis before rebleeding. Exclusion criteria include: SAH due to trauma, known vascular malformation, hematological system disease; received any hemostatic agents before TEG-PM draw; patients on antiplatelet or anticoagulation therapy before symptom onset. The patients with UIA not receiving anticoagulants or nonsteroidal anti-inflammatory drugs were included in the UIA group as controls. This study was approved by the institutional review board of The Second Affiliated Hospital of Chongqing Medical University, in accordance with the Declaration of Helsinki. All patient data were obtained using a retrospective review of the medical records and were reported without patient identifiers. Therefore, the institutional review board waived the need for patient consent.
Examination and Treatment
We retrospectively reviewed clinical data on admission in our institution, including age, gender, systolic blood pressure (SBP), diastolic blood pressure (DBP), CT-Fisher grade, Hunt-Hess grade, aneurysm location and size, intracranial hematoma and clinical outcomes. We defined severe SAH as Hunt-Hess grade IV or V and nonsevere SAH as Hunt-Hess grade I-III. In our hospital, all patients with aSAH or UIA routinely underwent TEG-PM on admission to evaluate the platelet function for dose adjustment of antiplatelet drugs in the perioperative period of endovascular coiling. All patients were treated according to the standardized aSAH treatment protocol of our hospital, consisting of absolute bed rest until aneurysm treatment, strict blood pressure control, intravenous administration of hemostatic agents and nimodipine and regular assessment of clinical status. 9 However, emergency clipping or coiling was not typically performed unless patients presented with space-occupying hemorrhages requiring immediate evacuation, because of the required time for examinations, surgery appointment and expense provision at our institution.
Diagnosis of Rebleeding
Patients who exhibited acute clinical deterioration, such as sudden headache and coma, accompanied with more blood in the subarachnoid cavity, brain parenchyma or ventricular system detected by repeated CT scanning, were diagnosed as rebleeding. 10 All rebleeding events occurred before endovascular coiling or clipping were involved in this study.
Blood Sampling
Whole blood drawn from the median cubital vein was collected in citrated and heparinized tubes within 1 hr of the patient's arrival at the neurosurgery department. The sample was stored at room temperature and taken to TEG and TEG-PM assays within 2 hrs. The platelet counts were detected using routine laboratory assays in the clinical laboratory of our hospital.
TEG and TEG-PM
TEG-PM analyzer (Haemoscope, Model 5000) was used to detect platelet function. The analyzer measured the percent inhibition of the platelet activated by adenosine diphosphate (ADP) and arachidonic acid (AA). This parameter was calculated by comparing the maximum amplitude (MA), representing the viscoelastic strength of the thrombus, created through three TEG channels as follows: 1) The MA reflects thrombin-activated platelets (MA Thrombin ) measured by a kaolin/Ca2+ activated citrated blood sample; 2) a reptilase and activator F activated heparinized blood sample, representing fibrin-only contribution to the clot strength (MA Fibrin ); and 3) the heparinized blood mixed with 2-mM ADP (MA ADP ) or 1-mM AA (MA AA ) combined with activator F as platelet agonists reflects platelet responsiveness to ADP and AA. 11 The equation 100-((MA ADP or MA AA ) -MA Fibrin )/(MA Thrombin -MA Fibrin ))×100 was used to calculate the percentage of platelet inhibition in response to ADP and AA ( Figure 1B ). 12 Specific TEG parameters were as follows: reaction time to clot formation (R); clotting time until 20-mm amplitude is achieved (K); time to reach maximum speed of initial clot formation (angle); maximum clot strength (MA); percent of clot lysis 30 mins after MA (EPL); percent of amplitude decay 30 mins after MA (LY30) ( Figure 1A ). 13 
Statistical Analysis
Continuous variables with normal distributions were summarized using mean±SDs and compared using a two-tailed, unpaired student t-test. The median and the interquartile range for each continuous variable with skewed distributions were calculated, and the Mann-Whitney U-test was used for comparisons. Categorical data were expressed as proportions and compared using χ 2 -test or Fisher exact test as appropriate. The relationship between severe SAH, rebleeding, and these parameters was investigated. The platelet count and TEG-PM parameters were compared in the following groups: 1) all aSAH versus UIA patients; 2) severe SAH versus UIA patients and 3) severe versus nonsevere SAH patients using the Mann-Whitney U-test. Spearman's rank correlation coefficient was performed to analyze the correlations between Hunt-Hess grade and the degree of pathway inhibition. The correlations between Fisher grade and the degree of pathway inhibition were also analyzed using Spearman's rank correlation coefficient. The associations of baseline characteristics and parameters with rebleeding were analyzed using univariable logistic regression models. All variables with P<0.10 were included in the multivariable logistic regression models to evaluate the association of the platelet function and rebleeding. Statistical analyses were performed with SPSS 19.0 software, and a P<0.05 was considered statistically significant.
Results
Baseline Characteristics
A total of 245 patients with aSAH were included in the analysis (Table 1 ). There were 79 men and 166 women, and the mean patient age was 55.2±10.7 years. The SBP on admission was 145.9±25. 4 
Parameters in Controls and aSAH Patients
We also observed 32 patients with UIA. With the estimation of the initial assessment of Hunt-Hess grade, 27 patients (11.0%) were classified as the severe SAH group (Hunt-Hess grade IV or V). The TEG and TEG-PM parameters of individuals with UIA, severe SAH and nonsevere SAH were compared and listed in Table 2 . Patients with aSAH demonstrated higher AA (P=0.013) and ADP (P<0.001) inhibition of platelet function than controls. There was no significant difference in platelet count and TEG values of R, K, Angle, MA, EPL and LY30 when comparing aSAH patients with controls (P>0.05). Patients with severe SAH had significantly higher levels of AA and ADP inhibition when compared with controls and patients with nonsevere SAH (P<0.05).
Hunt-Hess grade and Fisher grade were related to the degree of pathway inhibition, respectively. AA (Spearman's r=0.264, P<0.001) and ADP (Spearman's r=0.183, P=0.004) inhibition were elevated in Hunt-Hess grade-dependent manners. The AA (Spearman's r=0.169, P=0.008) and ADP (Spearman's r=0.233, P<0.001) inhibition was also significantly correlated with Fisher grade (Figure 2 ).
Predictors of Rebleeding
Thirty-five patients (14.3%) with aSAH developed rebleeding after admission. The clinical characteristics and parameters of patients with and without rebleeding were compared and are listed in Table 3 . Patients with rebleeding were more likely to have higher SBP (P=0.011), DBP (P=0.008), Hunt-Hess grade (P=0.034), Fisher grade (P=0.015), AA (P<0.001) and ADP inhibition (P<0.001). Multivariable logistic regression model analysis showed SBP (P=0.050), AA (P=0.037) and ADP inhibition (P=0.008) were independent risk factors for rebleeding in aSAH patients (Table 4 ).
Discussion
To our knowledge, this is the first study to evaluate coagulation, fibrinolysis status and platelet function as reflected by TEG-PM in aSAH patients. The primary finding of this study is that platelet dysfunction existed in individuals with aSAH and was significantly correlated with Fisher grade and Hunt-Hess grade on admission. Moreover, AA and ADP inhibition was independently associated with rebleeding in patients with aSAH. These results indicate that platelet dysfunction may play a significant role in rebleeding with important clinical value and potential therapeutic applications. Although the risk of platelet dysfunction itself may not be changed, a sufficient awareness of the risk enables us to pay more attention to aSAH patients with high AA and ADP inhibition.
While the phenomenon of AA and ADP receptor dysfunctional in aSAH has not been discovered previously, platelet dysfunction has been observed in traumatic brain injury (TBI) patients. 12, 14, 15 The significant increase percentage of AA and ADP receptor inhibition has been noted in individuals with severe TBI, 14 which is consistent with our findings. In addition, we have also demonstrated significant correlations between pathway inhibition and the amount of intracranial blood produced by initial bleeding, measured by the Fisher grade, and the severity of clinical symptoms, measured by the Hunt-Hess grade. This might be a specific response to bleeding. Although we were unable to clarify the mechanisms underlying the association between aSAH and platelet dysfunction in this present study, several previous studies have explored the potential mechanism of platelet dysfunction in TBI patients. 12,14-17 One possible mechanism is that the release of tissue factor, distributed abundantly throughout the brain, vessels, and into circulation secondary to disruption of the blood-brain barrier (BBB) after TBI may result in platelet activation. 15 The prolonged refractory state, in which a fraction of activated platelets remain dysfunctional in circulation, might be a consequence of immediate platelet activation. 12, [14] [15] [16] When it comes to aSAH, one conceivable process is that the initial bleeding might be a result of mechanical injury to the cerebral vessel endothelium and brain, regardless of intracranial hematoma formation. 18, 19 Furthermore, the BBB disruption may also induce the release of tissue factor, 20,21 leading to platelet activation. [22] [23] [24] This hypothesis is supported by the observation that patients with high Fisher grade suffered increasing AA and ADP pathway inhibition. However, we did not measure those activation markers; further research is needed to explore the mechanism of AA and ADP receptor dysfunctional in aSAH.
Additionally, the significant AA receptor inhibition coupled to the level of ADP receptor dysfunction presents a clinical scenario similar to that of a patient taking a combination of aspirin and clopidogrel. 25 Therefore, we explored the association of platelet dysfunction with rebleeding. This study revealed AA and ADP inhibition as independent determinants for rebleeding. Conversely, there was no difference in platelet count, activation of coagulation or fibrinolysis between patients with and without rebleeding.
The initial step of the coagulation cascade after aneurysm rupture is the release of tissue factor from the damaged brain tissue and the injured cerebral vessel endothelium. In addition, the sudden increase of intracranial pressure balances the internal and external pressures of blood vessels. 26 Thrombin is activated by the coagulation cascade, which leads to platelet and fibrin aggregation in the damaged vessel, working as an immobile hemostatic plug and thereby preventing further hemorrhage. 3 Following plug formation, the accumulation of activated platelets continues for quite a few days to avoid rebleeding. 27 The ADP released by damaged red blood cell and thromboxane A2 plays an important part in the activation of platelets. 28 Meanwhile, the deposition of fibrin and tissue ischemia ends with the activation of the fibrinolytic system. Hence, a lower strength of hemostatic plug in patients with high ADP or AA inhibition may be an explanation for the more rate of rebleeding especially with dysphoria and high BP.
Coagulation and fibrinolysis status after aSAH have been measured by the prothrombin time, activated partial thromboplastin time, D-dimer and thrombin-antithrombin in previous studies. 29 However, these tests were unable to measure the dynamics of clot formation and dissolution. Furthermore, there was no difference in platelet count, activation of coagulation or fibrinolysis between patients with and without rebleeding in the current study. Juvela and Kaste 30 found platelet aggregability was weakened during the early stage in patients with rebleeding after aSAH, but the sample detection was not widely used in various facilities in the clinical setting because of the complicated manual manipulation. On the contrary, TEG and TEG-PM can automatically detect the status of coagulation, fibrinolysis and platelet function rapidly, so it is more convenient in clinical practice.
With the remarkable progress that has been achieved in the diagnosis and treatment of aSAH, urgent repair of the ruptured aneurysm by neurosurgical clipping or endovascular coiling is feasible to reduce rebleeding. However, nonmodifiable factors such as transfer time, availability of neurovascular centers, serious underlying diseases, expense provision and surgery appointments may contribute to treatment delay. 31 Moreover, poorgrade aSAH patients are often considered for delayed surgery. Once, for whatever reason, surgery is delayed, rebleeding is an unpredictably significant threat. TEG-MP as a commonly used test would be sufficiently precise to identify the patients at highest risk for developing rebleeding; these patients should receive intensive treatments such as strict control of blood pressure, hemostatic drugs and ultra-early surgical treatment. In addition, it is still unknown whether the application of antifibrinolytic therapy is effective. 4 Our study implicates that early platelet transfusion may be a potential intervention to prevent rebleeding.
Several limitations in this present research should be considered. First, we made a single test on admission. The dynamic of ADP and AA inhibition was lacking, which might explain the phenomenon that rebleeding frequently occurs within the first 6 hrs after the initial bleed. 31 Second, some causes, such as transfer to our hospital, may delay detection. The inconsistent test time might also affect the values. Last, this was a retrospective study with a small sample size, so further studies are required to support our findings.
In conclusion, TEG-PM may detect platelet dysfunction in patients with aSAH. Moreover, the degree of pathway inhibition was significantly correlated with Hunt-Hess grade and Fisher grade on admission, respectively. Additionally, the diminished platelet response to ADP and AA may be associated with rebleeding. These findings Abbreviations: TEG-PM, thrombelastography with platelet mapping; SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure; PLT, platelet; IQR, interquartile range; R, reaction time to clot formation; K, clotting time until 20-mm amplitude is achieved; Angle, time to reach maximum speed of initial clot formation; MA, maximum amplitude; EPL, percent of clot lysis 30 mins after MA; LY30, percent of amplitude decay 30 mins after MA; AA, arachidonic acid; ADP, adenosine diphosphate.
potentially provide a chance for identification and treatment of aSAH patients at high risk of rebleeding in clinical practice. 
